Introduction {#Sec1}
============

The potential of ^13^C-direct detection in biomolecular NMR has been amply demonstrated (see (Bermel et al. [@CR6]) for review). Initially ^13^C-direct detection methods were particularly inspired by applications to folded, paramagnetic and deuterated proteins (Serber et al. [@CR46], [@CR47]; Bermel et al. [@CR4]; Eletsky et al. [@CR12]; Pervushin and Eletsky [@CR40]; Bertini et al. [@CR7], [@CR8]). Concerning applications to RNA oligonucleotides, the groups of Sklenar and Carlomagno have previously introduced pulse sequences based on ^13^C-direct detection for the resonance assignment of the nucleobase moieties (Fares et al. [@CR14]; Fiala and Sklenar [@CR16]). ^13^C-direct detected NMR experiments have benefited from the developments in cryogenic probe technology. In particular, the availability of probes optimized for direct low-γ-nuclei detection (Kovacs et al. [@CR29]) has overcome previous sensitivity drawbacks encountered when using proton detection optimized cryoprobes. Although ^13^C-detection suffers from lower sensitivity compared to ^1^H-detection, the development of schemes that utilize carbon direct detection offers several advantages. For NMR experiments applied to larger molecules, ^13^C-direct detection schemes can, for example, reduce the number of coherence transfer modules leading to shorter pulse sequences. Detection of non-protonated carbons including quaternary as well as deuterated carbons becomes feasible, and evolution of ^13^C chemical shifts in the direct time domain exploits the favourable large ^13^C chemical shift dispersion without the need to increase sampling in the indirect dimension. Low-γ-nuclei detection also leads to higher salt tolerance and, on a more pragmatic side, the absence of dominant solvent or buffer signals can improve baseline quality of the spectra and reduce t~1~-noise (Shimba et al. [@CR50]). These advantages make ^13^C-direct detected experiments a potentially useful complement to the conventional proton detection. By contrast, a potential drawback of carbon direct detection is the wide range of ^13^C T~1~-times. Thus, optimized excitation schemes including low flip angle excitation together with band selective excitation become interesting optimization parameters (Felli et al. [@CR15]) in ^13^C-direct detected experiments. In addition, pulse sequences have to be optimized in order to remove ^1^J(C,C) couplings in indirect and direct time dimensions.

Here, we report the development of three ^13^C-direct detected NMR-experiments that correlate ^13^C- and/or ^31^P-nuclei to obtain the heteronuclear resonance assignment of the intraresidual ribose carbon nuclei and the phosphorus nuclei along the phosphodiester backbone in ^13^C-labelled RNAs. These experiments can also directly be applied to ^13^C-labelled DNAs. We have developed the pulse sequences using two different RNAs spanning a factor of two in molecular weight (14mer and 27mer RNA hairpin structures). We further show the general applicability to larger RNAs by using a selectively ^13^C-labelled 70mer riboswitch RNA. For such larger RNAs, the introduction of deuterium labelling might generally be beneficial; the implementation of deuterium decoupling into the pulse sequences, introduced here, is straight forward and will allow NMR resonance assignment experiments to be applied for completely deuterated RNAs or for RNAs with specific ^1^H/^2^H-labelling schemes in the ribosyl moiety.

In RNA, the intrinsic low chemical shift dispersion of the ribose protons turns their NMR assignment into a considerable challenge. In particular, the sequential assignment might be hindered by the fact that robust NOE-based assignment strategies can only reliably be applied in canonical RNA structural motifs. In these helical elements, the sequential assignment is mainly based on the observation of imino--imino NOE connectivities between successive base pairs which benefit from advantageous spectral resolution (Fürtig et al. [@CR17]). In the cases of unusual secondary and tertiary structure such approaches often fail. The NOE-based assignment of RNAs is further complicated since many labile, nitrogen-bound protons in the nucleobases undergo fast chemical exchange with the solvent and thus cannot be detected. When applying the NOE-based assignment approach, the correct fold, however, cannot be determined when a large number of sequential NOE connectivities are missing due to these fast-exchanging amino or imino protons.

These observations previously led to the development of the HCP and HCP-CCH-TOCSY-experiments (Marino et al. [@CR31], [@CR32]). Still, restricted chemical shift dispersion of the phosphorus nuclei and strong line broadening due to the large CSA of ^31^P (Rinnenthal et al. [@CR43]) complicate the analysis of these spectra. In addition, chemical exchange effects often mediated by specific or non-specific binding of mono and divalent cations might be observed on all NMR-active nuclei. The use of ^13^C-direct detected ^13^C/^13^C- and ^13^C/^31^P-correlated experiments can facilitate the sequential assignment for the following reasons: (1) the extension of the described pulse sequences to deuterated RNA samples is straight forward, for which the carbon T~2~-times are considerable longer (Hennig et al. [@CR22]); (2) line broadening of carbon nuclei, especially those induced by divalent ions, can be significantly smaller than of proton nuclei.

In the current study, all carbon nuclei of the ribose moieties (C1′--C5′) and the phosphorus signals of a ^13^C,^15^N-labelled 14mer RNA hairpin were assigned using solely the multi-dimensional ^13^C-direct detected correlation experiments confirming the original resonance assignment (Fürtig et al. [@CR18]). The same set of experiments was applied to a 27mer RNA with selectively ^13^C-labelled nucleotides (see Fig. [4](#Fig4){ref-type="fig"}) (Fürtig et al. [@CR19]) to illustrate their applicability for larger RNAs. In order to eliminate homonuclear ^13^C-^13^C couplings in the ribose moieties, the original ^13^C/^13^C-TOCSY experiment (Eletsky et al. [@CR12]) was modified by introduction of virtual decoupling schemes (Bermel et al. [@CR4]; Duma et al. [@CR10]). Sequential assignment was obtained for both RNA hairpin structures using the newly developed 2D ^13^C-direct detected ^13^C/^31^P-correlated NMR experiments. These were based on direct correlation of the phosphorus chemical shifts with either C1′, C4′ or C5′ nuclei of the ribose moieties.

Materials and methods {#Sec2}
=====================

The ^13^C,^15^N-labelled 14mer cUUCGg-tetraloop RNA (5′-pppGGCACUUCGGUGCC-3′) was purchased from Silantes GmbH (Munich, Germany). The NMR sample (0.7 mM) was prepared in 20 mM KHPO~4~ and 0.4 mM EDTA (pH 6.4 in 90% H~2~O and 10% D~2~O). ^1^H chemical shifts were referenced to TSP as an external reference. The complete NMR resonance assignment for ^1^H, ^13^C, ^15^N, and ^31^P resonances has been published previously (Fürtig et al. [@CR18]). Since the RNA structure and the individual coupling constants have been reported (Nozinovic et al. [@CR36], [@CR37]), coherence transfers could be analyzed efficiently. NMR experiments were carried out on a 600 MHz Bruker NMR spectrometer equipped with a 5 mm z-axis gradient ^1^H \[^13^C, ^31^P\]-TCI cryogenic probe or a 5 mm z-axis gradient ^1^H \[^13^C, ^15^N\]-TCI cryogenic probe at 298 K. In addition, experiments were performed on a 950 MHz Bruker NMR spectrometer equipped with a 5 mm z-axis gradient ^1^H \[^13^C, ^15^N\]-TCI cryogenic probe at 298 or 278 K. The data were processed and analyzed using the program TOPSPIN 2.1 (Bruker BioSpin, Germany).

The synthesis of the selectively ^13^C-labelled 27mer RNA (5′-ACAGGUUC**GCCUGUGUUGC**GAACCUGC-3′; bold nucleotides represent residues with ^13^C-labelled ribose moieties) was carried out by P. Wenter and S. Pitsch (EFP Lausanne, Switzerland) as described previously (Quant et al. [@CR41]; Wenter et al. [@CR56]) (sample concentration 1.2 mM).

^13^C,^15^N-labelled UTP was purchased from Silantes GmbH (Munich, Germany). The NMR sample (1 mM) was prepared in 20 mM KHPO~4~ (pH 6.5 in 100% D~2~O).

The selectively ^13^C,^15^N-cytidine-labelled 70mer RNA corresponding to the aptamer domain of a 2′-deoxyguanosine-dependent riboswitch encoded in *Mesoplasma florum* (Kim et al. [@CR28]) (5′-pppGGGA**C**UUAUA**C**AGGGUAG**C**AUAAUGGG**C**UA**C**UGA**CCCC**G**CC**UU**C**AAA**CC**UAUUUGGAGA**C**UAUAAGU**CCC**-3′, bold nucleotides represent the ^13^C,^15^N-labelled cytidine residues) was prepared by in vitro transcription from a linearized DNA template and purified as described previously (Stoldt et al. [@CR53]). The stable RNA-ligand complex is formed upon addition of a threefold molar excess of 2′-deoxyguanosine to the RNA. The final sample concentration was 0.5 mM RNA-ligand complex in 25 mM potassium phosphate, 50 mM KCl, 4 mM MgCl~2~ at pH 6.2 in 99.98 % D~2~O. ^13^C, ^15^N-labelled CTP was purchased from Silantes GmbH (Munich, Germany), unlabelled rNTPs were purchased from Sigma (Munich, Germany).

The experiments were performed using Bruker NMR spectrometers at field strengths of 600 and 950 MHz. All NMR spectrometers were equipped with 5 mm triple resonance z-axis cryogenic probes. Those cryogenic probes are inverse probes with a cold inner ^1^H coil and a cold outer coil tuned either for ^13^C/^15^N/^2^H or ^13^C/^31^P/^2^H. In addition, the probes are equipped with cold preamplifiers for the ^13^C-detection on the outer coil.

Results and discussion {#Sec3}
======================

For RNA, the chemical shift assignment does not only constitute the basis for further NMR studies of structure and dynamics, but chemical shifts by themselves carry precious conformational information (Wijmenga and van Buuren [@CR57]; Ebrahimi et al. [@CR11]; Fürtig et al. [@CR17]; Ohlenschläger et al. [@CR38]; Cherepanov et al. [@CR9]). Using canonical coordinates, the sugar pucker as well as the exocyclic torsion around the backbone angle γ can be determined. Phosphorus chemical shifts yield qualitative information about the backbone conformation that is difficult, yet not impossible to obtain otherwise (Richter et al. [@CR42]; Nozinovic et al. [@CR36], [@CR37]). Therefore, obtaining close to complete resonance assignment is important in order to derive high resolution structures of RNAs. For larger RNAs, deuterium labelling can greatly improve the spectral quality (Batey et al. [@CR3]; Vallurupalli et al. [@CR54]; Lu et al. [@CR30]) and information about ^13^C and ^31^P chemical shifts may represent the only handle to derive information about local conformations. In the following, we discuss the pulse sequences of the three newly developed experiments.

The 3D-(H)CC-TOCSY-H1′C1′ experiment for the intraresidual assignment of the ribose carbon resonances {#Sec4}
-----------------------------------------------------------------------------------------------------

The carbon-detected version of the HCC-TOCSY-experiment (Serber et al. [@CR47]) developed for the assignment of protein side chains was one of the first applications of the new generation of ^13^C-direct detected NMR experiments. Variants of this method were applied to large deuterated proteins (Eletsky et al. [@CR12]) and to selectively protonated proteins for the assignment of the methyl groups (Hu et al. [@CR23]; Jordan et al. [@CR24]). In carbon direct detected experiments, the signal intensity is reduced due to the evolution of the ^13^C--^13^C scalar couplings during the acquisition time. Several methods have been proposed to alleviate this problem. Instead of using Fourier transformation in the direct dimension, for example, a maximum entropy reconstruction-deconvolution method (Shimba et al. [@CR49]) has been proposed. In addition, multiple-band-selective ^13^C-decoupling during acquisition (Bermel et al. [@CR4]; Vögeli et al. [@CR55]) and spin-state selection through IPAP-type excitation (Andersson et al. [@CR2]; Ottiger et al. [@CR39]; Duma et al. [@CR10]; Bertini et al. [@CR7], [@CR8]) or S^3^E-type excitation (Meissner et al. [@CR35]; Bermel et al. [@CR5]) was applied. Thus far, carbon detected HCC-TOCSY experiments removed the ^13^C--^13^C scalar couplings from the spectra by maximum entropy reconstruction-deconvolution. This method, however, can only be applied if the respective coupling constants are similar for all residues, as for example ^1^J(C′,C~α~) ≅ 55 Hz in proteins. In the case of the directly connected carbon nuclei in a RNA ribose moiety, the coupling topology is more complex: the carbon atoms C2′, C3′ and C4′ have two coupling partners each, and the ^1^J(C,C) coupling constants are not uniform but depend on the ribose conformation as shown in Fig. [1](#Fig1){ref-type="fig"}. For the multiple-band-selective ^13^C-decoupling method (Vögeli et al. [@CR55]), the theoretical increase of 2 in the signal-to-noise ratio cannot be obtained since the dwell time is shared between decoupling and digitization time as previously described in detail (Bermel et al. [@CR4]).Fig. 1*Left* Secondary structure of the 14mer cUUCGg-tetraloop RNA. *Right*^1^J(C1′C2′) coupling constants \[Hz\] obtained from a ^1^H,^13^C-HSQC with a real time evolution period in the indirect dimension measured on the 14mer RNA. *Dashed line* indicates the mean value obtained for stem residues; *black lines* represent the corresponding root mean square deviation. U7 and C8 adopt C2′-endo conformation (Nozinovic et al. [@CR36], [@CR37]) and show considerable differences in ^1^J(C1′,C2′) coupling constants

Therefore, we followed the principle of spin-state selection utilizing IPAP-type schemes in our RNA experiments (Figs. [2](#Fig2){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) comparable to methods applied to carbon direct detected experiments for proteins (Duma et al. [@CR10]; Bertini et al. [@CR7], [@CR8]).Fig. 2Pulse sequence of the carbon direct detected 3D-(H)CC-TOCSY-H1′C1′ experiment with a virtual decoupling scheme in t~3~. *Narrow* and *wide filled bars* correspond to rectangular 90° and 180° pulses, respectively. Selective pulses and gradients are indicated as *semi*-*ellipses*. The default pulse phase is x. The proton carrier frequency is centred at the water frequency (5.7 ppm). The values for the ^13^C and ^15^N offsets are set to 77 ppm (^13^C~Ribose~), 90 ppm (^13^C~C1′~), 70 ppm (^13^C~C2′~) and 160 ppm (^15^N), respectively. Asynchronous GARP decoupling (Shaka et al. [@CR48]) is used to suppress heteronuclear scalar coupling during acquisition. The pulse field gradients with a length of 1 ms have a smoothed square amplitude (Bruker Topspin 2.0, 2006). They are applied along the *z*-axis and have the following strengths: G~1~:16%, G~2~:16% (pulse length 300 μs), G~3~:80%, G~4~:70%, G~5~:10%, G~6~:50%, G~7~:60%. 100% of gradient strength corresponds to 53.5 Gauss/cm. Fixed delays are adjusted as follows: Δ = 3 ms (1/(2\*^1^J~HC~)), T = 6.26 ms (1/(4\*^1^J~CC~). For the CC-TOCSY transfer the FLOPSY-16 mixing sequence (Kadkhodaie et al. [@CR25]) was applied, optimized for a single transfer (τ~M~ = 3 ms) or multiple transfers (τ~M~ = 15 ms). For the virtual decoupling scheme, a band selective pulse 180° Q3 Gaussian cascade (Emsley and Bodenhausen [@CR13]) of 2 ms (semi-ellipse) is applied either on C1′ or C2′. Phase cycling: φ~1~ = x, − x, φ~2~ = 2(x), 2(−x), φ~3~^IP^ = 4(y), 4(−y), φ~3~^AP^ = 4(x), 4(−x), φ~rec~ = x, 2(−x), x, −x, 2(x), −x. Quadrature detection in the ω~1~ and ω~2~ dimensions is obtained by incrementing φ~1~ and φ~2~ in a States-TPPI manner (Marion et al. [@CR34]). The in-phase and anti-phase components of the C1′C2′ coherences were recorded in an interleaved manner and afterwards combined with a standard Bruker c-program (au-prog: splitcomb) using the parameter: ipap, inphase/antiphase correction term of 1.09 and an average coupling constant ^1^J(C1′C2′) = 40 Hz

In the new 3D (H)CC-TOCSY-H1′C1′ experiment (Fig. [2](#Fig2){ref-type="fig"}), proton magnetization is excited and the coherence is transferred via an INEPT step to carbon coherence. In-phase carbon coherence is generated in a second INEPT step with concomitant evolution of carbon chemical shift in a constant time period (1/J(C,C)). In the subsequent CC-TOCSY step using the mixing sequence FLOPSY-16 (Kadkhodaie et al. [@CR25]), coherence is transferred to the C1′ carbon nuclei. In order to obtain the chemical shifts of the H1′ protons, a second transfer step generates transverse H1′ coherence and chemical shift evolves using an optimized spectral width of 2--3 ppm. We followed this strategy for the following reasons: (1) the H1′,C1′ spectral region reveals the best chemical shift dispersion within the ribose resonances in nucleic acids and (2) the resonance assignment of the H1′,C1′ spins can easily be correlated with the assignment of aromatic nuclei via HCN-type experiments (Sklenár et al. [@CR51]) also for larger RNA constructs. The specific evolution of proton chemical shift after the TOCSY sequence might allow applying the pulse sequence for mixed protonated/deuterated RNAs that can be prepared biochemically (Batey et al. [@CR3]; Vallurupalli et al. [@CR54]; Lu et al. [@CR30]) but can be omitted for uniformly deuterated RNAs. In order to obtain in-phase carbon coherence, the back transfer is concatenated with the application of an IPAP scheme, for which the ^1^J(C1′,C2′) carbon coupling has to be virtually decoupled only.

We recorded the 3D (H)CC-TOCSY-H1′C1′ experiment on a 14mer RNA with a mixing time of τ~M~ = 15 ms for the CC-spinlock in order to correlate all intraresidual ribose carbon nuclei as well as with a short mixing time of τ~M~ = 3 ms to exclusively detect the C2′--C1′ cross peak. The combined analysis of both experiments allows discrimination between the partially overlapping chemical shifts of C2′ and C3′ (Fig. [3](#Fig3){ref-type="fig"}). The related proton detected experiments, the HCCH-TOCSY (Kay et al. [@CR27]) or the forward directed HCC-TOCSY-CCH-E.COSY (Schwalbe et al. [@CR45]; Glaser et al. [@CR21]; Marino et al. [@CR33]), are typically performed using an RNA sample prepared in D~2~O, since some of the ribose ^1^H signals completely overlap with the H~2~O resonance frequency. In the new carbon direct detected NMR experiment, this problem is resolved and thus, also enables the use of RNA-samples in H~2~O.Fig. 32D strips out of the 3D (H)CC-TOCSY-H1′C1′ experiment for the ^13^C,^15^N-labelled 14mer RNA with a CC-TOCSY mixing period of τ~M~ = 15 ms (*left*) enabling magnetization transfer to all ribose carbons and a short mixing period of τ~M~ = 3 ms (*right*) to detect cross peaks originating from C1′ and C2′ only. Both experiments were recorded at a field strength of 14.4 T (600 MHz ^1^H frequency) at 298 K using a triple resonance cryogenic probe for ^1^H, ^13^C and ^15^N. The field strengths for ^1^H and ^13^C pulses were 22.7 and 20.3 kHz, respectively. During acquisition, GARP decoupling was applied at field strengths of 3.6 and 1 kHz for ^1^H and ^15^N, respectively. The FLOPSY mixing sequence was applied at a field strength of 8.3 kHz. Both 3D NMR experiments were recorded with 8 scans over a period of 17 h with 28, 28 and 1 k complex points in t~1~, t~2~ and t~3~. The acquisition time was set to 204 ms, t~2~^max^ was 28 ms and t~1~^max^ was 5.3 ms. A relaxation delay of 1 s was used

In addition, we applied the (H)CC-TOCSY-H1′C1′ pulse sequence to a 27mer RNA hairpin structure. This 27mer RNA is selectively ^13^C-labelled as indicated in Fig. [4](#Fig4){ref-type="fig"} (specified in the ["Materials and methods"](#Sec2){ref-type="sec"} section). Also here, the 3D experiment was recorded with two different mixing times, enabling different magnetization transfers. Both experiments were recorded on a 950 MHz spectrometer within a total time of 38 h.Fig. 4*Left* Secondary structure of the 27mer RNA. *Gray* marked residues are ^13^C-labelled. 2D strips out of the 3D (H)CC-TOCSY-H1′C1′ experiment for the selectively ^13^C-labelled 27mer RNA with a CC-TOCSY mixing period of τ~M~ = 15 ms (*middle*) enabling magnetization transfer to all sugar carbons and a short mixing period of τ~M~ = 3 ms (*right*) to detect cross peaks originating from C1′ and C2′ only. Both experiments were recorded at a field strength of 22.3 T (950 MHz ^1^H frequency) at 298 K using a triple resonance cryogenic probe for ^1^H, ^13^C and ^15^N. The field strengths for ^1^H and ^13^C pulses were 19.6 and 23.8 kHz, respectively. During acquisition, GARP decoupling was applied at field strengths of 3.8 and 1 kHz for ^1^H and ^15^N, respectively. The FLOPSY mixing sequence was applied at a field strength of 8.3 kHz. Both 3D experiments were recorded with 8 scans for a period of 19 h with 28, 32 and 632 complex points in t~1~, t~2~ and t~3~. The acquisition time was set to 80 ms, t~2~^max^ was 32 ms and t~1~^max^ was 3.5 ms. A relaxation delay of 1 s was used

In addition to the resonance assignment itself, the here developed NMR experiments show a direct correlation of the sugar puckering and the sugar carbon chemical shift for both RNA hairpin structures (Ebrahimi et al. [@CR11]; Fürtig et al. [@CR17]). For the 14mer RNA, nucleotides U7 and C8 (Fig. [1](#Fig1){ref-type="fig"}) adopt C2′-endo conformation as derived from ^3^J(H1′,H2′) and ^3^J(H3′,H4′) homonuclear coupling constants (Schwalbe et al. [@CR44]) and from dipole--dipole cross correlated relaxation rates $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Upgamma_{{{\text{C3}}^\prime {\text{H3}}^\prime ,{\text{C4}}^\prime {\text{H4}}^\prime }}^{\text{c}} $$\end{document}$ (Nozinovic et al. [@CR36], [@CR37]). A detailed analysis is beyond the scope of this manuscript. The ^13^C chemical shifts of U7 and C8, however, differ in comparison to the other nucleotides; especially C1′ and C4′ chemical shifts show a difference of 2--3 ppm and thus, qualitatively report on the ribose conformation.

For the unstructured heptaloop of the 27mer RNA, the ribose conformation has been determined by means of ^3^J(H1′,H2′) couplings and ^13^C heteronuclear NOE data (Fürtig et al. [@CR19]). This analysis reported C3′-endo conformation for C11 and G15, whereas the ribose moieties of nucleotides G13, U14, U16, and U17 adopt C2′-endo conformation. The data for nucleotide U12 indicated conformational averaging. The qualitative analysis of the carbon chemical shifts observed in the 3D (H)CC-TOCSY-H1′C1′ experiment show that nucleotides G13 to U17 adopt C2′-endo conformation, and the conformational averaging of nucleotide U12 can also be inferred.

In addition, for the 27mer RNA we compared the (H)CC-TOCSY-H1′C1′ experiment with proton excitation (Fig. [2](#Fig2){ref-type="fig"}) with a shorter version of the experiment (CC-TOCSY-H1′C1′), utilizing direct carbon excitation with proton decoupling to build-up ^13^C-heteronuclear NOE enhancement during acquisition and relaxation delay (Aboul-ele et al. [@CR1]). However, for the 27mer RNA, the experiment with proton excitation is a factor of 1.2--1.3 more sensitive than the experiment with the heteronuclear NOE build-up and carbon excitation.

The applicability of the described ^13^C-direct detected experiments to larger RNA structures is mainly limited by the sensitivity of the probe. This sensitivity can generally be increased using carbon-optimized cryogenic probes with a cold ^13^C-inner coil and a cold ^13^C-preamplifier which are commercially available but were not used in our case. We further demonstrate the general applicability of the experiment to larger RNA structures. Figure S1 shows the (H)CC-TOCSY-H1′C1′ experiment running on the 14mer RNA sample at 298 K in comparison with spectra recorded at 278 K. For lower temperatures, a reasonable 3D spectrum can be recorded by increasing the number of scans. In addition, we demonstrated the CC-TOCSY experiment on a 70mer RNA, the 2′-deoxyguanosine-dependent riboswitch RNA; results are shown in Figure S2. For the riboswitch RNA, the experiment starts with direct carbon excitation and for the detection, the IPAP step has been removed (for further details see Supporting Information). Both applications show that the ^13^C-direct detected experiments can be applied for larger RNAs. For this purpose additionally it is expected that further improvements can be obtained by using deuterated RNAs.

The (H)CPC-experiments for the sequential assignment of RNAs via the phosphodiester backbone {#Sec5}
--------------------------------------------------------------------------------------------

### Virtual decoupling of ^1^J(C3′,C4′) and ^1^J(C4′,C5′) {#Sec6}

The ^13^C-direct detected (H)CPC-experiment (Figs. [6](#Fig6){ref-type="fig"}a, [7](#Fig7){ref-type="fig"}a) correlates the C4′ carbons with the adjacent ^31^P spins for a sequential assignment of RNAs via the phosphodiester backbone. This experiment is derived from the HCP experiment (Marino et al. [@CR31]). In the ^13^C-direct detected (H)CPC-experiment, C4′ carbon coherence is excited after the initial INEPT step of the experiment and also detected; the (H)CPC experiment is therefore an out-and-back experiment (Kay et al. [@CR26]). The C4′ spin of nucleotide i (C4′~i~) is coupled to two ^31^P spins, the ^31^P~i~ on the 5′-side and the ^31^P~i+1~ on the 3′-side with ^3^J(C4′~i~,P~i~) and ^3^J(C4′~i~,P~i+1~) coupling constants of both around 8--10 Hz in standard A-form RNA helices. In addition, the C4′ spin is directly coupled to two carbon spins (C3′ and C5′) with ^1^J(C3′,C4′) \~ 38 Hz and ^1^J(C4′,C5′) \~ 42 Hz. In order to apply virtual decoupling during detection, we propose a new double IPAP scheme (Duma et al. [@CR10]; Bermel et al. [@CR5]) (Fig. [5](#Fig5){ref-type="fig"}). The ^13^C chemical shifts of the ribose moieties in RNA resonate over a relatively small range of chemical shifts of 35 ppm. Therefore, long selective pulses have been used e.g. to cover only the C4′ resonances (82 ± 3 ppm) corresponding to 6.5 ms for a RE-BURP (Geen and Freeman [@CR20]) pulse. To selectively invert the C3′ and C4′ region simultaneously (77 ± 9.5 ppm), we used a 2 ms RE-BURP pulse. For selective refocusing of the C4′ (82 ± 3 ppm) and the C5′ (65 ± 3 ppm) carbons simultaneously, we used a band-selective-Bloch-Siegert-compensated RE-BURP pulse (Steffen et al. [@CR52]) with a length of 6.5 ms. The double IPAP is applied in an interleaved manner and the linear combination of all four experiments (Fig. [5](#Fig5){ref-type="fig"}a) is performed after data acquisition by using the standard Bruker c-program splitcomb (included in Topspin 2.1). As shown in Fig. [5](#Fig5){ref-type="fig"}b, the four experiments might also be reduced to two, as the linear combination of the AP-AP spectrum and the IP-IP spectrum resulted also in one signal only. In this case, the pulse sequence might be shorter, but not all components are used for the linear combination and thus, the result is a factor of √2 less sensitive.Fig. 5Double IPAP pulse scheme for RNA virtual decoupling of ^1^J(C3′,C4′) and ^1^J(C4′,C5′) illustrated on a ^13^C,^15^N-labelled UTP sample. The offset values for ^13^C are set to 77 ppm (^13^C~Ribose~), 83.3 ppm (^13^C~C4′~), 69.4 ppm (^13^C~C3′~), and 64.7 ppm (^13^C~C5′~), respectively. The pulse field gradient of 1 ms length has a smoothed square amplitude (Bruker Topspin 2.0, 2006). It is applied along the *z*-axis and has the following strength: G~1~: 31%. 100% of gradient strength corresponds to 53.5 Gauss/cm. Fixed delays are adjusted as follows: T = 6.26 ms (1/(4\*^1^J~CC~). φ^IPIP^ = x, −x, φ^IPAP^ = −y, y, φ^APIP^ = −y, y, φ^APAP^ = −x, x, φ~rec~ = −x, x. For the virtual decoupling, the following band selective pulses are applied: for C4′ (83 ppm ± 3 ppm) a 6.5 ms RE-BURP (Geen and Freeman [@CR20]), for C3′ & C4′ (76 ppm ± 9.5 ppm) a 2 ms RE-BURP, for C4′ & C5′ (83 ppm ± 3 ppm & 64 ppm ± 3 ppm) a band-selective-Bloch-Siegert-compensated RE-BURP pulse with a length of 6.5 ms(RE-BURP_C4C5bs). The 1D spectrum **a** shows the linear combination of all four spectra using the c-prog splitcomb (included in Bruker Topspin 2.1). The *doted lines* indicate the 1D spectrum **b**, resulting from the linear combination of only the two spectra (IPIP and APAP)

### The sequential assignment of the RNA backbone in the (H)CPC experiment {#Sec7}

The new double IPAP scheme was incorporated in the carbon direct detected (H)CPC experiment (Fig. [6](#Fig6){ref-type="fig"}a). The coherence transfer pathway starts on the H4′ and magnetization is transferred via an INEPT step to C4′. Subsequently, coherence is further transferred to ^31^P~i~ and ^31^P~i+1~ via ^3^J(C4′~i~,P~i~) and ^3^J(C4′~i~,P~i+1~), respectively.Fig. 6Pulse sequences of **a** 2D-(H)CPC experiment, **b** 2D-HCP-CC-TOCSY-C1′ experiment and **c** 2D-(H)CPC-C5′ experiment with virtual decoupling in the acquisition dimension t~2~, respectively. *Narrow* and *wide filled bars* correspond to rectangular 90° and 180° pulses, respectively. Selective pulses and gradients are indicated as *semi*-*ellipses*. The default pulse phase is x. The proton carrier frequency is centred at the water frequency (4.7 ppm). The values for the ^13^C and ^31^P offsets are set to 77 ppm (^13^C~Ribose~), 90 ppm (^13^C~C1′~), 70 ppm (^13^C~C2′~), 82 ppm (^13^C~C4′~) 60 ppm (^13^C~C5′~) and −0.8 ppm (^31^P), respectively. Asynchronous GARP decoupling (Shaka et al. [@CR48]) is used to suppress heteronuclear scalar couplings during acquisition. The pulse field gradients of 1 ms length have a smoothed square amplitude (Bruker Topspin 2.0, 2006). They are applied along the z-axis and have the following strengths (experiment A): G~1~: 50%, G~2~: 30%, G~3~: 19%; (experiment B): G~1~: 50%, G~2~: 30%, G~3~: 19% G~4~: 80%, G~5~: 70%;(experiment C): G~1~: 50%, G~2~: 30%, G~3~:19% G~4~: 80%. 100% of gradient strength corresponds to 53.5 Gauss/cm. Fixed delays are adjusted as follows: Δ = 3 ms (1/(2\*^1^J~HC~)), δ = 25 ms (1/(2\*^1^J~CP~)), T = 6.26 ms (1/(4\*^1^J~CC~). The FLOPSY-16 (Kadkhodaie et al. [@CR25]) is used for the CC-TOCSY step with a τ~M~ = 32 ms. Phase cycling (experiment A): φ~1~ = x,−x, φ~2~ = 2(x), 2(−x), φ~3~ = 4(x), 4(−x), φ~4~^IPIP^ = 4(x), 4(−x), φ~4~^IPAP^ = 4(y), 4(−y), φ~4~^APIP^ = 4(y), 4(−y), φ~4~^APAP^ = 4(−x), 4(x), φ~rec~ = x,−x,−x,x, −x,x,x,−x. Phase cycling (experiment B): φ~1~ = x,−x, φ~2~ = 2(x), 2(−x), φ~3~ = 4(x), 4(−x), φ~4~ = 4(y), 4(−y), φ~5~^IP^ = 8(−y), 8(y), φ~5~^AP^ = 8(x), 8(−x), φ~rec~ = R, −R, −R, R, R = x, 2(−x), x. (experiment C):): φ~1~ = x,−x, φ~2~ = 2(x), 2(−x), φ~3~^IP^ = 4(−y), 4(y), φ~3~^AP^ = 4(−x), 4(x), φ~4~^IP^ = (x), φ~4~^AP^ = y, φ~rec~ = x,−x,−x,x, −x,x,x,−x. For all experiments, quadrature detection in the F1 dimension is obtained by incrementing φ~2~ in a States-TPPI manner (Marion et al. [@CR34]). For the virtual decoupling, the following band selective pulses are applied: for C4′ (82 ppm ± 3 ppm) a 6.5 ms RE-BURP (Geen and Freeman [@CR20]), for C3′ & C4′ (77 ppm ± 9.5 ppm) a 2 ms RE-BURP, for C4 & C5′ (82 ppm ± 3 ppm & 62 ppm ± 3 ppm) a band-selective-Bloch-Siegert-compensated RE-BURP pulse with a length of 6.5 ms and a C2′-band selective pulse 180° Q3 Gaussian cascade (Emsley and Bodenhausen [@CR13]) of 2 ms (semi-ellipse)

In order to generate in-phase carbon coherence, the back transfer is concatenated with the double IPAP sequence to generate virtual decoupling of the homonuclear carbon--carbon couplings. Figure [7](#Fig7){ref-type="fig"}a schematically illustrates the magnetization transfer in the (H)CPC spectrum. To gain better resolution, the (H)CPC experiment can additionally comprise a CC-TOCSY step to transfer the sequential backbone walk in the well-resolved spectral region of the C1′ resonances. Such extension is similar to the HCP-CCH-TOCSY experiment originally developed using ^1^H-detection (Marino et al. [@CR32]) (Fig. [6](#Fig6){ref-type="fig"}b). Additional sequential information can be obtained from the correlation of the C5′ carbons with the phosphorus nuclei. This was accomplished using the 2D-HCP-CC-TOCSY sequence (Fig. [6](#Fig6){ref-type="fig"}b) with a shorter mixing time of 6 ms for the CC-transfer. Alternatively, we developed a new pulse sequence with a COSY step interrelated in the virtual decoupling scheme (Fig. [6](#Fig6){ref-type="fig"}c). For generation of the correct in-phase or anti-phase magnetization, also the phase of the second last carbon 90 degree pulse was cycled. In fact, our results indicate that here, the COSY-transfer yields a better sensitivity compared to the TOCSY-transfer.Fig. 7*Upper left* Schematic illustration of possible magnetization transfers via J(C,C) or J(C,P) couplings. **a** assigned 2D (H)CPC spectrum of the 14mer RNA. **b** assigned 2D (H)CP-CC-TOCSY-C1′ spectrum with a long CC-mixing time of τ~M~ = 32 ms for magnetization transfer to C1′. C: assigned 2D (H)CPC-C5′ spectrum with an additional transfer-step to C5′. All experiments were recorded on a 600 MHz NMR spectrometer and a temperature of 298 K using a cryogenic probe for ^1^H, ^13^C and ^31^P. The field strengths for ^1^H, ^13^C and ^31^P pulses were 23.8, 16.8 and 12.5 kHz, respectively. During acquisition, WALTZ and GARP decoupling sequences were applied at field strengths of 3.6 kHz and 833 Hz for ^1^H and ^31^P, respectively. The FLOPSY sequence was applied at a field strength of 8.3 kHz. The (H)CPC experiment was recorded with 512 scans for a period of 15 h. The (H)CP-CC-TOCSY-C1′ experiment was recorded with 1,792 scans for 52 h and the total experimental time for the (H)CPC-C5′ was 25 h. All three experiments were recorded with 20 and 1 k complex points in t~1~ and t~2~ by using a relaxation delay of 1 s. The acquisition time was set to 135 ms and t~1~^max^ was 24 ms for all three experiments

The results of the carbon-phosphorus correlated spectra, shown in Fig. [7](#Fig7){ref-type="fig"}, illustrate the general applicability of these experiments for the sequential assignment of nucleic acids. In the (H)CPC experiment with the C4′ to phosphorus correlations (Fig. [7](#Fig7){ref-type="fig"}a), the sequential walk along the loop and stem residues is illustrated. For the loop position C8, no coupling to the adjacent nucleotides could be detected, in agreement with previous results of the proton detected 3D HCP-experiment (Fürtig et al. [@CR17]). Further information in order to complement and confirm the sequential assignment was obtained from the two additional experiments, the the (H)CP-CC-TOCSY-C1′ spectrum (Fig. [7](#Fig7){ref-type="fig"}b) that is based on the better resolved C1′ carbon-positions and the 2D (H)CPC-C5′spectrum (Fig. [7](#Fig7){ref-type="fig"}c) that connects the C5′carbons to phosphorus.

Conclusion {#Sec8}
==========

The current set of ^13^C-direct detected experiments allows a direct and unambiguous assignment of the majority of the hetero nuclei and the identification of the individual riboses and their sequential order for both, the 14mer and the 27mer RNA hairpin structures. Thus, the ^13^C-detected NMR methods are a useful complement to the traditional ^1^H-detected approach for the resonance assignment of oligonucleotides. Furthermore, these experiments are useful to quantitatively determine RNA backbone conformations based on ^13^C and ^31^P chemical shifts.

We show that ^13^C-direct detected experiments are also applicable to larger RNAs by optimizing hardware, sample preparation and pulse sequence. The sensitivity increased by using of carbon optimized probes with a cold inner carbon coil and a cold preamplifier. Further optimization of the pulse sequences is feasible by shortening delays or removing the virtual decoupling scheme. The ^13^C-direct detection experiment in combination with selectively deuterium-labelled RNAs, especially with only the H1′ being protonated, is expected to also yield the resonance assignment of the phosphodiester backbone moieties in larger RNA structures.
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